Two genes encoding protein components of the nuclear pore complex, Nup160 and 
INTRODUCTION
Many species come to be reproductively isolated through the evolution of genetic incompatibilities that cause intrinsic sterility or inviability in interspecific hybrids (DOBZHANSKY 1937; COYNE AND ORR 2004) . Genetic substitutions that are neutral or favorable in the genetic background of one species can be severely deleterious when combined with the genetic background of another species (DOBZHANSKY 1937; MULLER 1940; MULLER 1942) melanogaster (STURTEVANT 1920; PROVINE 1991; SAWAMURA 2000; BARBASH 2010) . In crosses between D. melanogaster females and D. simulans males, the X-linked Hybrid male rescue (Hmr) gene of D. melanogaster is incompatible with the autosomal Lethal hybrid rescue (Lhr) of D. simulans, killing F 1 hybrid males as late-stage larvae (BRIDEAU et al. 2006) . Both genes encode DNA-binding proteins that localize to centromeric heterochromatin (THOMAE et al. 2013) , affect expression of transposable elements and satellite DNAs (SATYAKI et al. 2014) , and have histories of positive selection (BARBASH et al. 2004; BRIDEAU et al. 2006) . The Hmr-Lhr hybrid incompatibility is genetically complex, requiring at least one additional unknown factor to cause hybrid lethality (BRIDEAU et al. 2006) . In the reciprocal cross, between D. simulans females and D.
melanogaster males, the X-linked zygotic hybrid rescue (Zhr) locus of D. melanogaster corresponds to a large species-specific pericentric block of 359-bp satellite DNA (SAWAMURA AND YAMAMOTO 1997; FERREE AND BARBASH 2009) which is incompatible with an unidentified maternal factor, known as maternal hybrid rescue (mhr), present in many D. simulans lines (SAWAMURA et al. 1993; ORR 1996 ; GERARD AND PRESGRAVES 2012), killing F 1 hybrid females as embryos (HADORN 1961) . Selfish repetitive DNAs are implicated in the evolution of both Hmr-Lhr and mhr-Zhr hybrid incompatibilities.
At each of these loci, rescue mutations (compatible alleles) have been recovered that can rescue hybrids from lethality and, for some, hybrid female sterility (WATANABE 1979;  HUTTER AND ASHBURNER 1987; DAVIS et al. 1996 ; BARBASH AND ASHBURNER 2003).
These rescue mutations, when combined with other D. melanogaster tools PRESGRAVES 2003; MASLY et al. 2006) , have facilitated the mapping and identification of three additional hybrid incompatibility genes that affect and Nup96, are incompatible with an unidentified factor(s) on the D. melanogaster X chromosome, causing hybrid lethality TANG AND PRESGRAVES 2009; SAWAMURA et al. 2010) .
Nup160 and Nup96 both encode protein components of the nuclear pore complex (NPC).
The NPC mediates all molecular traffic between the cytoplasm and nucleus and interacts with DNA to regulate gene expression and chromatin organization (CAPELSON et al. 2010; KALVERDA AND FORNEROD 2010; LIANG AND HETZER 2011; GROSSMAN et al. 2012) . Its ~30 different protein constituents (termed nucleoporins), protein-protein interactions, and overall architecture are largely conserved among eukaryotes (BAPTESTE et al. 2005; NEUMANN et al. 2010) . Despite these deeply conserved functions, nucleoporins present some of the strongest evidence for recurrent adaptive protein evolution in the Drosophila genome (BEGUN et al. 2007; PRESGRAVES AND STEPHAN 2007; LANGLEY et al. 2012; NOLTE et al. 2013; GARRIGAN et al. 2014 (details below).
All crosses were done at 22-23C. For each cross, at least two replicates were set up with ~20 virgin females and ~25 males. After larvae appeared, parents were transferred to fresh vials every three days for as long as they continued to produce progeny. Hybrid progeny were scored for at least 14 days after the eclosion of the first fly, until no more flies eclosed for three consecutive days.
Lethal phase:
To determine lethal phase of Nup160-mediated lethality, we crossed D.
melanogaster y w; Nup160 -/CyO females to D. simulans Lhr males. Hybrid male larvae from this cross have yellow mouthparts whereas hybrid female larvae have black (wildtype) mouthparts. We collected hybrid larvae at the 3 rd instar stage, separated them by sex, transferred them to vials with fresh food and then, following pupation, checked if pupae were alive or dead every ~12 hours. AND PRESGRAVES 2009; SAWAMURA et al. 2010) . These results also show that Nup160-dependent hybrid lethality appears to be fixed in D. simulans (Table 1) .
Sequencing of

RESULTS
The effect of Nup160 in hybrids between
To determine the lethal phase of the Nup160 incompatibility, we crossed D.
melanogaster y w; Nup160 -/CyO females to D. simulans w; Lhr 1 males, collected and separated hybrid male and female larvae based on the color of larval mouthparts, and then scored viability of pupae every 12 hours. At 60-72 hours after the formation of pupae, about half of male pupae (12 out of 29) were dead as evidenced by deterioration of morphological structures and darkening of tissue (Table 2 ). All remaining 17 males eclosed at ~132 hours after pupa formation, and all were CyO/sim.
Among hybrid females, 34 of 36 eclosed at ~120 hours after pupa formation and 15
were CyO/sim. We checked the two dead female pupae by opening the pupal cases and found, unlike dead male pupae, they were fully developed but failed to eclose (their wing phenotypes could not be scored). These findings show that Nup160-mediated hybrid lethality occurs at an early pupal stage (consistent with (MAEHARA et al. 2012) ), prior to the establishment of adult morphological structures. Like Nup160, Nup96-mediated hybrid lethality is lineage-specific, genetically complex, and likely of relatively recent origin. Nup96 sim and Nup96 sech cause hybrid lethality when combined with hemizygous (or homozygous) X mel , but Nup96 mau does not BARBASH 2007) . However, the fact that Nup96 in D.
Nup160-mediated lethality thus occurs later than
simulans has experienced no nonsynonymous substitutions since its split from D.
mauritiana, implies that Nup96 sim and Nup96 mau are functionally equivalent . Therefore, at least one additional unknown autosomal factor must be present in D. simulans that is absent in D. mauritiana (BARBASH 2007) .
These considerations suggest that some components of the Nup96 hybrid incompatibility also evolved after the split of the D. simulans clade species. It appears then that both Nup160 and Nup96 hybrid incompatibilities evolved well after the species split of D. melanogaster and the D. simulans clade ancestor and were, therefore, inconsequential to any reproductive isolation realized in natural populations.
The Nup160 and Nup96 hybrid incompatibilities evolved at similar times, have comparable hybrid lethal effects among the three D. simulans clade species, are both part of complex multi-component hybrid incompatibilities, and produce proteins predicted to interact directly at the NPC. It is therefore tempting to speculate that these two hybrid incompatibilities are not independent. While Nup160 and Nup96 hybrid incompatibilities may have evolved for similar, non-independent reasonsmost simply, e.g., as incidental by-products of NPC evolution (see below)-their hybrid lethal effects appear genetically independent in two ways. First, the lethality of our double-mutant hybrid males shows that Nup160 sim does not require the presence of Nup96 mel , nor does Nup96 sim require the presence of Nup160 mel (Table 3) (Sawamura et al. 2014) . The latter findings would seem to rule out the possibility that Nup96 sim is the dominant autosomal factor required for Nup160-mediated hybrid lethality (and vice versa). It is possible that a different autosome-encoded NPC protein, perhaps one of the other NUP107 subcomplex proteins or its interactors, is required for Nup160-and Nup96-mediated hybrid lethality (see also Sawamura et al. 2014 ). STEPHAN 2007; LANGLEY et al. 2012; NOLTE et al. 2013; GARRIGAN et al. 2014) sechellia involved other genes.
The biological basis of Nup160-mediated hybrid lethality is still unclear. The hybrid lethality of Nup160 is not due to haplo-insufficiency, as hybrids homozygous for Nup160 sim are inviable (SAWAMURA et al. 2004; SAWAMURA et al. 2010) .
Furthermore, the hybrid lethality of Nup160 is not due to specific suppression of Lhr rescue as Hmr-rescued males also die (Table 1 ). This conclusion is strengthened by a difference in lethal phase: the Hmr-Lhr hybrid incompatibility kills late larvae, whereas the Nup160 hybrid incompatibility kills pupae (see also (MAEHARA et al. 2012) ). Sawamura and colleagues have shown that Nup160 also causes female sterility and, among escapers of hybrid lethality, developmental delay and morphological defects (SAWAMURA et al. 2010; MAEHARA et al. 2012) . This broad range of phenotypes suggests that fundamental cellular functions are compromised by the Nup160 hybrid incompatibility. It will be of interest to determine if hybrid lethality results from disruption of an essential nucleoporin-mediated function-e.g., nuclear transport, gene expression, and the regulation of chromatin-or some novel gain-of-function hybrid phenotype. 
